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A B S T R A C T
Embedding reinforcement or functional wires in extruded proﬁles offers the potential to increase
mechanical properties as well as the ﬁeld of application. With improved strength and stiffness and an
integrated function as deformation sensor or data transmitter theweight of space frame structures can be
reduced substantially. To comprehend the general conditions when embedding the reinforcement and
functional elements during the extrusion process, experimental extrusion investigations have been
carried out for the analysis of signiﬁcant process and tool geometry parameters.
Extrusion with porthole dies, i.e. by feeding the elements over bridges inside the die in the aluminum
base material ﬂow, was studied to manufacture continuous reinforced, thin-walled, and hollow proﬁles.
Special care was taken to ensure an accurate positioning in the transient material ﬂow to prevent a loss of
functionality by insufﬁcient covering and loss of positioning caused by the die geometry or unequal
temperature distribution inside the die. Studies on different reinforcementwires andwire ropes based on
high strength steel are presented, showing an increasing process stabilitywhen using solidwires. General
process restrictions are analyzed and process guidelines are presented based on exemplary extrusions.
 2008 CIRP.1. Introduction
The combination of different materials within one proﬁle offers
signiﬁcant potential for increasing the mechanical properties as
well as functionality. Composite extrusion aims at these improve-
ments, for example by combining materials with different
strength, different electrical conductivity, or different hardness.
Due to the possibility ofmanufacturing a high strength lightweight
structural proﬁle, a high temperature superconductor, or wear-
resistant parts with aluminum base material only few manufac-
turing technologies have been developed in the past: particle
reinforced billets for conventional extrusion [1], bi-metallic billets
for co-extrusion [2], and special processes and tools for continuous
embedding of onematerial within an extruded proﬁle [3,4] (Fig. 1).
Here, especially the technology of composite extrusion by
continuous feeding of a second material in the extruded base
material bymeans of modiﬁed tools offers advantages like reduced
wear during extrusion, reduced punch forces, and high ﬂexibility in
cross-section design. A typical product manufactured with this
technology is an aluminumpower rail extrudedwith a steel belt on
the proﬁle’s top [5]. The increased properties were caused by the
integration of a wear-resistant steel layer at the aluminum proﬁle
with high electrical conductivity. In contrast to co-extrusion only
one material is (de-)formed within the process and the second one
is fed in the material ﬂow. Depending on the tool design, it can be
fed in thewelding chamber, causing the occurrence of high stresses
in orthogonal and longitudinal direction during embedding, or it is* Corresponding author.
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doi:10.1016/j.cirp.2008.03.024fed at the end of the extrusion process into a hole of the extruded
proﬁle, meaning that the loading will be relatively low. In the ﬁrst
case, the quality of embedding can be increased for shear load
interlockingwhen a form ormaterial ﬁt can be generated [6]. In the
second case, the reduction of loading can help when embedding
weak materials such as high temperature-resistant plastics or
sensitive electrical devices, for example for functions like
structural health monitoring.
Aiming at an increase in usage of continuous composite
extrusion for lightweight proﬁles and structures, an analysis of
the signiﬁcant process parameters, thermo-mechanical loading
during the embedding process, and occurring conditions of the
material ﬂow and embedding has been carried out. Here, process
stability based on failures such as reinforcement deﬂection,
reinforcement cracking, and the usability of different kinds of
wires andwire ropes was studied to investigate themanufacturing
of deﬁned reinforced, thin-walled, and hollow proﬁles.
2. Experimental procedure
2.1. Tools and process parameters
For the feeding of wires in the aluminum proﬁle a tool concept
using porthole dies was applied [7]. In the bridges that divide the
material ﬂow and carry the mandrel in hollow proﬁle extrusion
cartridges supplying the steel wire were used. Due to the design of
the extrusion press a bending of 908 at a radius of 50 mm when
supplying the reinforcements was necessary (Fig. 2).
To prevent the reinforcement from cracking, adapted pre-
chambers inside the welding chamber were used, based on [8]. By
Fig. 1. Composite extrusion technologies.
Table 1
Process parameters
Parameter Value
Billet material AlMgSi0.5
Billet preheat (8C) 550 (constant)
Container temperature (8C) 450 (constant)
Punch speed (mm/s) 0.5/1/3
Extruded proﬁle length (mm) 0–10000
Die temperature (8C) 380–420
Proﬁle exit temperature (8C) 450–550
Temperature gradient in die (8C) 0–30
Fig. 3. Horizontal and vertical deﬂection of the wires.
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taken place the longitudinal and orthogonal loading on the wires
was reduced.
The major chosen process conditions for the following
exemplary extrusion trials are shown in Table 1:
3. Results
The practical usability of the composite extrusion process
strongly depends on the positioning of the composite partners, the
process stability when embedding the reinforcement elements,
and the usability for a wide range of cross-sections. These aspects
will be presented in the following sections.
3.1. Deﬂection of the wire from the material ﬂow
Geometrical deviations can lead from a reduced moment of
inertia of the proﬁle to the wire being pushed out through the
proﬁle’s surface. The latter can lead to corrosion, loss of composite,
or cracking of the wires when sliding over the bearing surfaces
inside the die. For the analysis of inﬂuencing parameters a
separation between horizontal and vertical deﬂection of the wires
inside the exemplarily analyzed double-symmetric, rectangular
proﬁle has been made (Fig. 3).
3.1.1. Vertical deﬂection
The symmetry of the material ﬂow dominates the vertical
position of the longitudinal seamweld, which is the place thewires
are embedded in. Parameters inﬂuencing the ﬂow are mainly the
geometry of the tool and the temperature distribution inside the
die, both will be presented in the following.
The tool geometry is the most important aspect because even
small changes inside the feeding channel’s size will lead to a
variation in the base material ﬂowing into the welding chamber.
There, the material stream of a bigger feeder will lead to more
material being fed to one side of the welding chamber. Due to the
constancy of inﬂow and outﬂow the material of the smaller feeder
ﬂows less and the seam weld is being pushed out of the symmetry
plane. Occurring vertical deviations of the seamweld and thewires
can be explained by such a geometrical inaccuracy of the tool.Fig. 2. Modiﬁed extrusion die set for feeding steel wires during aluminum proﬁle
extrusion.For the analysis of this parameter the tool presented in Fig. 2
was measured, using a coordinate measurement machine. Tool
inaccuracies of up to 0.1 mm in the feeder channel were observed.
When extruding a composite proﬁle with this tool set, vertical
deviations of the wires inside the proﬁle’s of up to 0.3 mm were
measured. To analyze if the reason for the wire deﬂection can be
seen in the manufacturing inaccuracy of the tool, two experiments
have been carried out: One by extruding with reference die
position and the other by extrudingwith a die turned by an angle of
1808. Due to the fact that all other parameters were kept constant a
shift of the deviation was expected. As seen in this test, a vertical
deviation of approximately 0.1–0.2 mm occurred and veriﬁed the
assumption of the inﬂuence of tool accuracy on the material ﬂow,
but does not seem to be the only explanation for the vertical
deviation.
In addition to this, the inﬂuence of the tool temperature
distribution on the wire position was studied. Due to the extrusion
press design an asymmetric temperature distribution with a
difference of up to 30 8C from lower to upper tool side was
measured using video thermography equipment (Fig. 4). This
difference can lead to unequal heating and, thus, higher yield
strength in thematerial that ﬂows through the cooler feeder and to
less material ﬂow, leading to additional wire deﬂection.
The results of this effect were seen when studying the wire
positions over the material ﬂow in the exemplary extrusion
experiment again. Here, a measured difference of 12 8C led to a
deviation of up to 0.4 mm while equal temperatures at the tool’s
upper and lower side resulted in a deviation of only 0.2 mm. As it
can be seen, tool accuracy as well as temperature distributionFig. 4. Effects inﬂuencing the vertical wire position.
Fig. 5. Principal of horizontal wire deﬂection based on the feeding position. Fig. 7. Geometry and material of the stranded wires.
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lead to a wire deﬂection, which can be critical when extruding
thin-walled composite proﬁles.
3.1.2. Horizontal deﬂection
Horizontal wire deﬂections are caused by thematerial ﬂow, too.
Again, symmetry is important for a controlled embedding in the
symmetric exemplary proﬁle, but additionally a strong depen-
dency on the feeding position while embedding out of the
symmetry plane is obvious. This aspect is determined by the
position of the wire feeding holes inside the die in relation to the
material ﬂow lines. Due to the narrowing inside the welding
chamber of extrusion tools towards the proﬁle’s exit the material
ﬂows along stream lines deﬂecting the wires stronger the larger
the distance to the vertical symmetry plane is (Fig. 5) and the later
they are fed.
These tendencies can be seen when comparing the deviation
based on the exemplary proﬁle reinforced with six wires in Fig. 6.
The diagram shows the feeding holes as well as the measured
horizontal wire deﬂection for three positions over the proﬁle’s
length.
As it can be seen, in the horizontal deviation plot each test
shows a decrease in deviation with decreasing distance to the
symmetry plane analog to the material ﬂow lines. Because a direct
in situ measurement of the deﬂection in the material ﬂow is
excluded by high temperature and high pressure this systematic
wire deﬂection is rated as veriﬁcation for the assumption feeding
position dependency.Fig. 6. Measured horizontal positioning accuracy.3.2. Wire geometry
Apart from accurate positioning, the kind of wires deﬁned by
material, strength, ﬂexibility, and process stability during
embedding is important. To study this aspect, four different
wires and wire ropes of stainless steel, shown in Fig. 7, were
analyzed: The solid wire offering the largest area, but also the
highest bending stiffness and lowest geometrical interlocking by
form ﬁt and three kinds of stranded wire ropes with varying
number of wires, diameter, and stranding technique offering
smaller area but more surface for form ﬁt and reduced bending
stiffness for an easier feeding through the narrow feeding
channel.
Analyzing the embedding quality showed that each of the wire
ropes had problems regarding either an elongation of the wires or
cracking of these. Here, the elongation was measured by cutting
the proﬁle in the wire plane, then numbering and counting the
enlacements of the stranded wires. An elongation of up to 30%,
depending on the enlacements’ angle, was observed. With
increasing enlacement angle in unloaded condition the wire’s
structural stiffness in longitudinal direction decreased. When
introducing stranded wires a twisting and elongation of the wires
was observed (Fig. 8). This prevents an embedding of the 1  7 and
1  5 wire ropes.
In addition to this, a cracking of some of the wire ropes was
observed due to high tensile stresses in longitudinal direction
and high compressive stresses in orthogonal direction [7].
Here, again, the stranded wire ropes and especially the 7  7
showed worse results due to the reduced surface area compared
to solid wires. As shown in Fig. 9, the loaded surface is much
smaller for the stranded wires than for solid ones and a
progressive cracking from one wire to the next occurred till the
whole rope failed.
Furthermore, feeding problems like twisting of the single wires
inside the feeding channel (Fig. 9, left) led to the decision of
excluding all stranded wires from usage, especially because none
of these problems occurred when embedding solid wires. Here, no
cracks were observed and high process stability could be reached
for feeding up to 12 wires and a large variety of different cross-
sections.Fig. 8. Elongation of the stranded wires.
Fig. 10. Inﬂuence of free embedding length on reinforcement enclosure.
Fig. 9. Cracking of the stranded wires.
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To achieve best composite properties, a full embedding of the
wires based on a complete enclosure of the surrounding base
material is necessary. Insufﬁcient enclosure can lead to air
inclusions inside the proﬁle right next to the reinforcement,
which could lead to a loss of shear bonding of the composite
partners as well as to corrosion. Determining the enclosure of the
base material is the feeding position of the wires over the mandrel.
The earlier themandrel ends and the soonerwires are fed, themore
the holes caused by themandrel can be closed by thematerial ﬂow
under the high hydrostatic pressure. If the distance from feeding to
proﬁle exit is too short, there is not enough material ﬂow
orthogonal to the reinforcement and the enclosure is insufﬁcient.
To study this aspect, a systematic variation of the feeding positing
inside the material ﬂow was done to examine the progress of
enclosure and composite development. The chosen proﬁle cross-
section was a more industrial-like hollow proﬁle of a tube with a
diameter of 40 mm and a wall thickness of 5 mm. Four solid steel
wires were embedded. To prevent inﬂuences from die manufac-
turing, always the same die – but with gradually reduced feeding
mandrel length – was used (Fig. 10).
With decreasing feeding mandrel length the distance of free
material ﬂow around the wires sweld increases and the holes
around the wires close better. This effect can be observed when
analyzing cross cuts showing the wire embedding. At a free length
of 1 mm the hole around the reinforcement does not close at all.
Due to the mandrel a hole of up to 2 mm was extruded in
the proﬁle with no embedding of the wires. When increasing the
free length sweld to 4 mm a closure of more than 95% of the
circumference of thewirewas reached. Only two edges of unclosed
seamweld remained in the proﬁle. Due to the risk of corrosion and
northing effects this enclosure is insufﬁcient, too.When increasing
sweld to 5 mm a complete enclosure was found. No seamweld rests
or air inclusions were present in the proﬁle anymore. For generaluse of the composite extrusion process a distance range from
proﬁle exit to the wire feeding mandrel has to be deﬁned,
preventing insufﬁcient enclosures and air inclusions when sweld is
too short and the risk of high thermo-mechanical shear loading and
cracking of the reinforcement when sweld is too large.
4. Conclusion
Experimental studies on composite extrusion with continuous
embedding of high strength steel wires in aluminum base material
have been presented.
For the use of the reinforced proﬁles an important aspect has
been seen in the accurate horizontal and vertical positioning of the
wires inside the base material proﬁle. To reduce possible
deviations, an accurate control of the material ﬂow and its
inﬂuencing parameters such as temperature ﬁeld or die geometry
is necessary. Even geometrical inaccuracies less than 0.1 mm or
temperature differences of 10–15 8C can lead to wire position
deviations of 0.1–0.4 mm. A careful tolerance check when
manufacturing the tools can reduce the risk of wire deviations
as well as a continuous control of the temperature development in
the die and extrusion press.
The behavior and failure types of different kinds of wires and
wire ropes of high strength steel has been shown and no sufﬁcient
use of stranded wires was found due to elongation of the stranded
wires under tensile loading, cracking during the embedding phase,
and twisting inside the feeding channel in the tool. Here, solid
wires showed the highest process stability and were used
successfully.
Finally the analysis of the position of the wire feedingmandrel
showed that wire deviations and cracking occurs when feeding
the reinforcement too early. But when feeding with too little
distance to the proﬁle’s exit an insufﬁcient enclosure of the base
material surrounding can be detected. The consideration of a
usage range of the parameter sweld is necessary for each speciﬁc
die tool set.
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